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Abstract
Recent studies suggest that sustained morphine-mediated paradoxical pain may play an important
role in the development of analgesic tolerance. The intracellular signal transduction pathways
involved in sustained opioid mediated augmentation of spinal pain neurotransmitter (such as
calcitonin gene-related peptide (CGRP)) release are not fully clarified. Cyclic AMP (cAMP)-
dependent protein kinase (PKA) plays an important role in the modulation of presynaptic
neurotransmitter release. Moreover, we have shown earlier that sustained opioid agonist treatment
leads to a Raf-1-dependent sensitization of adenylyl cyclase(s) (AC superactivation), augmenting
forskolin-stimulated cAMP formation upon opioid withdrawal (cAMP overshoot). Therefore, in the
present study we examined the role of Raf-1 in sustained morphine-mediated regulation of cAMP
formation and basal CGRP release in vitro, in cultured neonatal rat dorsal root ganglion (DRG)
neurons. We found that sustained morphine treatment significantly augments intracellular cAMP
production as well as basal CGRP release from cultured neonatal rat DRG neurons. The selective
PKA inhibitor, H-89, attenuates the sustained morphine-mediated augmentation of basal CGRP
release, indicating that the cAMP/PKA pathway plays an important role in regulation of CGRP
release from sensory neurons. Since our present data also demonstrated that selective Raf-1 inhibitor,
GW 5074, attenuated both the cAMP overshoot and the augmentation of CGRP release mediated by
sustained morphine in neonatal rat DRG neurons, we suggest that Raf-1-mediated sensitization of
the intracellular cAMP formation may play an important role in sustained morphine-mediated
augmentation of spinal pain neurotransmitter release.
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1. Introduction
The development of antinociceptive tolerance limits the therapeutic use of opioid analgesics
in the clinical management of pain. The molecular mechanisms leading to antinociceptive
tolerance are not fully understood. It has been suggested that the upregulation of spinal pain
neurotransmitter, such as calcitonin gene-related peptide (CGRP) release after sustained opioid
analgesic treatment may cause a paradoxical pain sensitization that is manifested as analgesic
tolerance in vivo (Trang et al. 2005; Ossipov et al. 2005).

The intracellular signal transduction pathways leading to sustained morphine-mediated
augmentation of spinal pain neurotransmitter release are not entirely clear. However, cAMP-
dependent protein kinase (PKA) is known to play a major role in the regulation of presynaptic
neurotransmitter synthesis and release (Carruthers et al., 2001; Supowit et al., 1995; Leenders
and Shen, 2005; Rathee et al., 2002). On the other hand, sustained opioid agonist treatment
was shown to upregulate the cAMP signal transduction cascade (adenylyl cyclase (AC)
superactivation) in multiple regions of the nervous system (Nestler and Aghajanian, 1997),
including the primary sensory dorsal root ganglion (DRG) neurons (Crain and Shen, 1998;
Terwilliger et al., 1991). However, the contribution of the upregulated cAMP cascade to
sustained morphine-mediated augmentation of spinal pain neurotransmitter release still needs
to be addressed.

Since we have found earlier that a Raf-1 inhibitor, 3-(3,5-dibromo-4-hydroxybenzylidene)-5-
iodo-1,3-dihydroindol-2-one (GW 5074), attenuates long-term opioid mediated AC
superactivation in recombinant model cell lines (Varga et al., 2002; Yue et al., 2006), we
hypothesize that Raf-1 mediated AC superactivation upon sustained opioid treatment, via
activation of PKA, may contribute to sustained opioid-mediated augmentation of pain
neurotransmitter release. In the present study we tested the effect of sustained morphine
treatment on intracellular cAMP production and basal CGRP release in primary cultured DRG
neurons. The selective PKA inhibitor, N-[2-(p-Bromocinnamylamino)ethyl]-5-
isoquinolinesulfonamide dihydrochloride (H-89) was used to determine the role of cAMP/PKA
pathway in sustained morphine mediated CGRP release. Moreover, the role of Raf-1 in
sustained morphine-mediated AC superactivation and augmentation of basal CGRP release in
DRG neurons was also investigated. Our findings indicate that Raf-1-mediated sensitization
of the cAMP/PKA pathway plays an important role in sustained morphine-mediated
augmentation of spinal pain neurotransmitter CGRP release.

2. Materials and methods
2.1. Primary culture of neonatal rat DRG neurons

The animal study protocol is approved by Institutional Animal Care and Use Committee of the
University of Arizona. DRGs from newborn (1-3 day old) Sprague-Dawley rats were dissected
aseptically from all spinal levels. The ganglia were digested with 0.1% collagenase (Sigma,
St. Louis, MO) for 3-5 min and 0.25% trypsin (Invitrogen, San Diego, CA) for 10 min. The
DRGs were then triturated through a fire-polished Pasteur pipette in Neurobasal A medium
containing 0.1 mg/ml DNase I (Sigma, St. Louis, MO) and 5 mM MgSO4, centrifuged and re-
suspended in Neurobasal A medium containing B27 supplement (Invitrogen, San Diego, CA);
(Neurobasal A/B27 medium) and 250 ng/ml Nerve growth factor (NGF; Sigma, St. Louis,
MO). 24 well plates were seeded with 1.6×104 cells per well. Anti-mitotic drugs [uridine
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(150μM) and 5-fluo-deoxy-uridine (50μM); Sigma, St. Louis, MO)] were added and the cells
were allowed to differentiate for 7-9 days at 37°C in a CO2 incubator.

2.2. Drug treatments
The stock solutions of the drugs were prepared as follows: GW 5074 (10 mM, Sigma, St. Louis,
MO) and H-89 (1 mM, Millipore Corporation, Billerica, MA) were dissolved in DMSO;
morphine sulfate (1 mM, National Institute of Drug Abuse, Bethesda, MD) and naltrexone (10
mM, Tocris, Ellisville, MO) were dissolved in distilled water. All the drugs were further diluted
in Neurobasal A/B27 medium. 24 hours before the experiment, the DRG neurons were gently
washed and NGF and anti-mitotic drugs were withdrawn from the culture medium. On the day
of the experiment, the DRG neurons were pre-incubated (1 h) in the presence or absence of
either PKA inhibitor H-89 (1 μM; inhibitor concentration was selected from an H-89 dose-
response curve; S. Tumati, unpublished observations) or Raf-1 inhibitor GW5074 [10 μM;
inhibitor concentration was adopted from our previous study (Varga et al. 2003a)] at 37 °C.
After pretreatment, the cells were incubated (24 h) with saturating concentration of morphine
(1 μM) in the presence (Mor+GW group or Mor+H-89 group) or absence (Mor group) of the
appropriate kinase inhibitor. To test the involvement of opioid receptors, DRG cells were
treated with the nonselective opioid receptor antagonist naltrexone (10 μM) in the presence
(Mor+NTX group) or absence (NTX group) of morphine for 24 hours. Control cells were
incubated in Neurobasal A/B27 medium in the absence (Control group) or presence (GW or
H-89 group) of the kinase inhibitors.

2.3. Measurement of basal CGRP release
CGRP release from the pretreated samples was assayed in duplicate, using an enzyme
immunoassay (EIA) kit (Cayman Chemicals, Ann Arbor, MI). Briefly, after drug pretreatment,
the cells were gently washed twice with Phenol Red-free Neurobasal A medium (Invitrogen,
San Diego, CA) followed by a 10 min incubation in fresh Phenol Red-free Neurobasal A
medium at 37°C in a CO2 incubator. The medium was collected, and released CGRP was
measured according to the manufacturer's instructions, by measuring the absorbance of the
final reaction product at λ=412 nm. Standard CGRP dose-absorbance curves were measured
in parallel with each assay.

2.4. Forskolin stimulated cAMP formation
Intracellular cAMP formation was determined as described by Rubenzik et al. (2001). Briefly,
after drug treatments, the DRG neurons were washed three times with Neurobasal A medium.
Then a phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine ((IBMX); 4 mM; Sigma, St.
Louis, MO) was added to each well. cAMP formation was stimulated with a water-soluble
forskolin analogue [7-deacetyl-7-(O-N-methylpiperazino)-γ-butyryl forskolin × 2HCl,
Calbiochem, San Diego, CA] (1 μM) for 20 min at 37°C. Cells were lysed and 50 μl supernatant
of the cell lysates were incubated with [3H]cAMP (4 nM; Perkin Elmer, Boston, MA) and
protein kinase A (30 μg/ml; Sigma, St. Louis, MO) at 4°C for 2h. cAMP standards were run
in parallel with each assay. After incubation, activated charcoal (26 mg/ml; NORIT,
Amersfoort, The Netherlands) was added to adsorb free [3H]cAMP. Radioactivity was counted
in EcoLite scintillation fluid (ICN Pharmaceuticals, Costa Mesa, CA) using Beckman
LS6000SC scintillation counter.

2.5. Data analysis
One sample t tests were used to compare normalized mean values from each treatment group
to the control group (100%). One-way ANOVA tests, followed with Newman-Keuls Multiple
Comparison Tests, were subsequently performed to evaluate statistical differences between
treatment groups. Unpaired t tests were used to evaluate the statistical difference between
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control and morphine treated groups in the CGRP release experiments. Statistical evaluations
were performed using GraphPad Prism 4.0 software.

3. Results
3.1. Sustained morphine treatment leads to AC superactivation in cultured neonatal rat DRG
neurons

Forskolin (1 μM) -stimulated cAMP production in control neonatal rat DRG neurons was 6.2
± 1.4 pmol/50μl sample (n=7). Sustained (24 h) treatment of the cells with morphine (1 μM)
augmented forskolin-stimulated cAMP formation to 9.8 ± 2.5 pmol/50μl sample, that is 160 ±
18% of the control group (P < 0.05, n=7; Fig. 1).

3.2. The selective Raf-1 inhibitor, GW5074 attenuates sustained morphine-mediated AC
superactivation in cultured neonatal rat DRG neurons

As shown in Fig. 1, pretreatment (1 h) of the neonatal rat DRG neurons with the selective Raf-1
inhibitor, GW5074 (10 μM) attenuated sustained (24h) morphine-mediated augmentation of
forskolin-stimulated cAMP formation by 88% (7.1 ± 2.0 pmol/50μl, p < 0.05 relative to
morphine treated group, n=7). Importantly, forskolin-stimulated cAMP formation was not
significantly different between control and GW5074 pretreated DRG cells (5.9 ± 1.5 pmol/
50μl, 97 ± 13% of the control, P > 0.05; Fig. 1), indicating that the kinase inhibitor in itself
had no effect on the activity of adenylyl cyclase enzymes. In addition, radioligand binding
assays have demonstrated (X. Yue, unpublished observations) that GW5074 does not compete
for [3H]DAMGO binding sites in recombinant Chinese Hamster Ovary cells expressing the
human μ-opioid receptor, indicating that GW 5074 does not act by antagonizing acute opioid
signaling.

3.3. Sustained morphine treatment augments basal CGRP release from cultured neonatal rat
DRG neurons

Interestingly, sustained (24 h) morphine (1 μM) treatment also significantly augmented basal
CGRP release from neonatal rat DRG neurons. Basal CGRP release in control DRG neurons
was 641 ± 38 pg/ml. Sustained morphine (1 μM) treatment augmented basal CGRP release to
905 ± 52 pg/ml, which is 141% of the control. (P < 0.001, n=13, unpaired t test. Data are
presented as mean ± SEM).

3.4. A selective PKA inhibitor (H-89) attenuates sustained morphine-mediated augmentation
of basal CGRP release from cultured neonatal rat DRG neurons

In order to examine the role of cAMP-dependent protein kinase (PKA) in sustained morphine
mediated augmentation of basal CGRP release, we pre-incubated (1 h) cultured neonatal rat
DRG neurons with a selective PKA inhibitor H-89 (1 μM). Pretreatment (1 h) of the cells with
1 μM H-89 followed by 24 h co-incubation with 1 μM morphine attenuated basal CGRP release
to 111 ± 9% of control group. This is an 80% reduction relative to the group treated with
morphine alone (162±13% relative to the control) (P < 0.05, n=3; Fig. 2A). Importantly, as
shown in Fig. 2A, pre-treatment with H-89 alone had no effect on basal CGRP release (P >
0.05, n=3) from neonatal rat DRG neurons, indicating that the effect of the kinase inhibitor is
not due to cytotoxicity.

3.5. A selective Raf-1 inhibitor (GW5074) attenuates sustained morphine-mediated
augmentation of basal CGRP release from neonatal rat DRG neurons

Sustained morphine treatment augmented basal CGRP release to 179 ± 24% relative to control
(P< 0.05, n = 4). On the other hand, after pretreatment (1 h) of the cells with 10 μM GW5074
followed by 24 h co-incubation with 1 μM morphine, basal CGRP release was reduced to 115
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± 14% of the control (P < 0.01 compared with Mor group, n = 3; Fig. 2B). The nonselective
opioid receptor antagonist, naltrexone (10 μM) completely prevented morphine-mediated
augmentation of basal CGRP release (100 ± 12% relative to control; P < 0.01 compared with
Mor group, n=3; Fig. 2B), indicating that opioid receptor stimulation is necessary for the
regulation of CGRP release by sustained morphine in cultured neonatal rat DRG neurons.
Treatment with GW5074 (10 μM) or naltrexone (10 μM) alone had no effect on basal CGRP
release from DRG cells relative to control (P > 0.05, n=3 in both groups; Fig. 2B), indicating
that their effects on CGRP release are not due to cytotoxicity.

4. Discussion
In the present study, we demonstrate that a. sustained (24 h) morphine treatment significantly
augments intracellular cAMP production and basal CGRP release from cultured neonatal rat
DRG neurons; b. sustained morphine-mediated augmentation of basal CGRP release from
cultured DRG neurons is sensitive to the selective PKA inhibitor, H-89; and that c. both
sustained morphine-mediated AC superactivation and augmentation of basal CGRP release are
attenuated by the selective Raf-1 inhibitor, GW5074 in cultured primary sensory neurons. In
summary, we suggest the putative molecular mechanisms shown in Fig. 3, to interpret our data.

Long-term morphine treatment leads to multiple intracellular compensatory adaptations and
neuroplastic changes. Thus, sustained morphine treatment was shown to enhance the content
and release of excitatory neurotransmitters, including the pronociceptive neurotransmitter
CGRP in the dorsal horn of the spinal cord (Menard 1995a, 1995b; Ma et al. 2000; Gardell et
al. 2002; Trang et al. 2005). Indeed, supporting the above observation, in the present work we
demonstrate that 24 h morphine treatment significantly augments basal CGRP release from
cultured neonatal rat primary sensory neurons (141% of control).

The increase in the spinal CGRP content observed following sustained morphine treatment
was shown to coincide with a decline in antinociception and a decrease in morphine potency,
as reflected by an increase in its ED50 value (Powell et al., 2000). Furthermore, the development
of tolerance to spinally infused morphine could be attenuated by co-administration of
competitive CGRP receptor antagonists, suggesting that activation of CGRP receptors in the
dorsal horn contributes to the induction of opioid analgesic tolerance (Menard et al., 1996;
Powell et al., 2000, 2003). However, the underlying mechanisms that lead to the augmentation
of spinal CGRP expression and release in response to sustained opioid exposure are still to be
explored.

Activation of the cAMP transduction pathway is known to modulate presynaptic
neurotransmitter synthesis and release (Carruthers et al., 2001, Supowit et al., 1995, Leenders
and Sheng, 2005). Thus, it was shown earlier that treatment with a non-hydrolyzable cAMP
analogue (dibutyryl cAMP) upregulates CGRP mRNA and peptide concentrations in cultured
rat DRG neurons (Supowit et al., 1995). In addition, a direct AC activator, forskolin, was
reported to stimulate CGRP release from trigeminal sensory neurons. Forskolin-stimulated
CGRP release from the sensory neurons was blocked by a selective PKA inhibitor myr-
PKI14-22 (Carruthers et al., 2001), suggesting a crucial role for cAMP-dependent protein kinase
(PKA) in the regulation of CGRP release from cultured sensory neurons. On the other hand,
it was found earlier that sustained opioid agonist treatment upregulates the cAMP signal
transduction cascade (AC superactivation) in primary sensory DRG neurons (Crain et al.,
1998; Terwilliger et al., 1991). In the present study we tested the role of sustained morphine-
mediated AC superactivation in the augmentation of spinal CGRP release from primary sensory
neurons. We demonstrate, for the first time, that sustained morphine treatment augments basal
CGRP release from neonatal rat DRG neurons in a PKA-dependent manner, indicating that

Yue et al. Page 5

Eur J Pharmacol. Author manuscript; available in PMC 2009 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sustained morphine-mediated upregulation of the cAMP signal transduction cascade may
regulate basal CGRP release by the activation of cAMP-dependent protein kinase.

Previously we have investigated the molecular mechanisms of AC superactivation in
recombinant Chinese Hamster Ovary (CHO) cell lines expressing human δ- or μ-opioid
receptors. We found that sustained opioid agonist treatment leads to phosphorylation of an
adenylyl cyclase isoenzyme (AC VI) in CHO cells expressing human δ-opioid receptor (Varga
et al, 1999). Subsequently, we have demonstrated that multiple parallel signal transduction
pathways converge at Raf-1 to mediate AC superactivation in the same CHO cells line (Varga
et al., 2003a, 2003b). Similar to our data, Beazely et al. (2005a) have found recently that
multiple signaling pathways merge at Raf-1 to potentiate forskolin-stimulated cyclic AMP
accumulation in recombinant human embryonic kidney (HEK) cells overexpressing the AC
VI isoenzyme. The same authors (Beazely et al., 2005b) have also shown that in HEK cells
overexpressing the AC VI isoenzyme and the D2L dopamine receptor, GW 5074 attenuated
sustained quinpyrole-mediated AC superactivation in response to PKC activators. Finally,
Beazely et al. (2005b) also found that multiple pathways (non- conventional PKC isoforms
and tyrosine kinases) are involved in sustained quinpyrole-induced sensitization of AC VI in
these cells. Since Tan et al. (2001) and Ding et al. (2004) have demonstrated that Raf-1 directly
phosphorylates multiple AC isoenzymes, leading to their sensitization toward stimulators, such
as forskolin or activated Gs, we hypothesize that Raf-1-mediated phosphorylation and
sensitization of AC isoenzymes may be a common mechanism of feedback-regulation of
cellular cAMP production in response to sustained stimulation of Gi/o protein coupled
receptors in mammalian cells, including primary sensory neurons.

In the present study we demonstrate that the selective Raf-1 inhibitor GW5074 dramatically
reduces sustained morphine-mediated cAMP overshoot in cultured neonatal rat primary
sensory neurons. Importantly, we also demonstrates that sustained morphine-mediated
augmentation of basal CGRP release was significantly attenuated by Raf-1 inhibitor GW5074,
indicting the critical role of Raf-1-mediated AC superactivation in sustained morphine-
mediated augmentation of basal CGRP release from cultured DRG neurons. Collectively, our
study demonstrates that Raf-1 mediated activation of the cAMP/PKA pathway (see Fig. 4)
could be a major intracellular signal transduction pathway involved in the augmentation of
pain neurotransmitter release from primary sensory neurons upon sustained opioid analgesic
treatment.
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Fig. 1.
Sustained morphine treatment augments forskolin-stimulated cAMP formation in cultured
neonatal rat DRG neurons in a Raf-1-dependent manner. Treatment of cultured neonatal rat
DRG neurons with 1 μM morphine (Mor) for 24 h augmented forskolin (1 μM)-stimulated
cAMP formation to 160 ± 18% of control (#P < 0.05, one-sample t test, n=7). Pretreatment (1
h) of the cells with the selective Raf-1 inhibitor, GW5074 (10 μM), followed by a 24 h co-
incubation with 1 μM morphine (Mor+GW) dramatically attenuated sustained morphine-
mediated adenylyl cyclase superactivation to 107 ± 16% of the control (*P < 0.05, one way
ANOVA, n=7). Treatment of DRG neurons with 10 μM GW alone caused no statistical
difference in forskolin-stimulated cAMP formation relative to the medium-treated control
(GW, 97 ± 13% of control, P > 0.05; one-sample t test, Fig. 1). The results (mean ± SEM) are
expressed as the percentage of cAMP formation in control DRG neurons.
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Fig. 2.
The selective PKA inhibitor, H-89 (A) and the selective Raf-1 inhibitor, GW5074 (B) attenuate
sustained morphine-mediated augmentation of basal CGRP release from neonatal rat DRG
neurons. 24 h incubation of cultured DRG neurons with 1μM morphine (Mor) augmented basal
CGRP release to 162 ± 13% (A) and 179 ± 24% (B) relative to control (#P < 0.05 in both
experiments, one-sample t test; n=3 and n=4, respectively). A. Pretreatment (1 h) of the cells
with 1 μM H-89, followed by 24 h co-incubation in the presence of 1 μM morphine (Mor+H-89)
attenuated morphine-mediated CGRP release to 111 ± 9% of the control (*P < 0.05, one way
ANOVA, n=3). Treatment of the DRG neurons with 1 μM H-89 alone (H-89) caused no
difference in basal CGRP release relative to control (92 ± 9% relative to control, P > 0.05; one-
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sample t test, n=3). B. Pretreatment (1 h) of the cells with 10 μM GW5074, followed by 24 h
co-incubation with 1 μM morphine (Mor+GW) attenuated sustained morphine-mediated
CGRP release to 115 ± 14% of the control (**P < 0.01 compared with Mor group, one way
ANOVA, n=3). Sustained morphine-mediated CGRP release was completely prevented by co-
incubation with the opioid antagonist, naltrexone (100 ± 12% relative to control; Mor+NTX;
**P < 0.01, compared with Mor group; one way ANOVA, n=3). Treatment of the DRG neurons
with GW 5074 (GW) or naltrexone (NTX) alone caused no difference in basal CGRP release
relative to control (89 ± 11% of GW group and 93 ± 6% of NTX group relative to control, P
> 0.05 for both groups; one-sample t test, n=3). The results (mean ± SEM) are expressed as
the percentage of basal CGRP release from control DRG neurons.
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Fig. 3.
Putative role of Raf-1-mediated AC superactivation in the regulation of CGRP release from
DRG neurons by sustained morphine treatment. Sustained stimulation of opioid receptor (OR)
by morphine in DRG neurons liberates Gi/o protein βγ-subunits. Free βγ-subunits activate
multiple intracellular effectors that converge at activation of Raf-1 (Varga et al., 2003a),
leading to phosphorylation and sensitization of adenylyl cyclase (AC). Our present data
indicate that such upregulation of the cAMP signal transduction cascade may regulate CGRP
release by activation of cAMP-dependent protein kinase (PKA) in cultured sensory neurons.
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